Soil salinization is a major challenge to global food security. The quinoa plant tolerates saline conditions by dumping excess salt into specialised bladder cells on the leaves. The pathways and transporters underlying this one-way accumulation system are now becoming clearer.
Plant salinity stress, arising particularly from crop irrigation practices, is a major ongoing threat to global food security [1, 2] . Evaporation in arid and semi-arid regions leads to salt accumulation in soils with consequent reductions in crop production. Salinity stress arises from the direct toxic effects of Na + and Cl À ions together with osmotic stress from high ionic concentrations, which compromises water uptake efficiency and cellular water balance.
Many plants experience natural fluctuations in the saline and osmotic environments around roots and it is not surprising that most have evolved a range of tolerance mechanisms of varying effectiveness. The mechanisms underlying responses to increased salinity and tolerance of moderate salinity have been well studied in model plant systems, such as Arabidopsis and certain crop plants [3, 4] . Such studies have shown key roles of a number of transporters for Na + , Cl À and K + in facilitating Na + exclusion from the cytoplasm. For example, the plasma membrane-localized SALT OVERLY SENSITIVE (SOS1) Na + /H + antiporter brings about H + -coupled Na + efflux and the Na + -transporting HKT transporters act to protect leaves from high Na + by facilitating unloading of Na + from xylem sap into xylem parenchyma cells as it moves up the shoot [5] . A number of anion transporters also play important roles in controlling the fluxes of Cl À to bring about reduced root-shoot transport, intracellular compartmentalization and efflux of Cl À from root (e.g., [6, 7] ). Significant questions remain, however, particularly concerning how transport is co-ordinated at the single cell level, between cells and between tissues.
Salinity tolerance mechanisms can be categorised into three main types [8] . Most plants with relatively low salt tolerance (glycophytes), including a number of crop plants, rely on exclusion or active removal of Na + and Cl À from cells as outlined above. Many salt-tolerant plants (halophytes) are additionally able to sequester Na + and Cl À to very high concentrations in large vacuoles. This type of salinity tolerance is often associated with specialized metabolism (crassulacean acid metabolism, CAM). A further category of halophytes includes those plants, such as Mesembryanthemum crystallinum [9, 10] and Chenopodium quinoa [8] , that can accumulate salt to very high concentrations in the vacuoles of specialized epidermal bladder cells (EBCs) on the leaf surface, which effectively act as salt dumps. Significantly, quinoa is an increasingly important crop plant which is closely related to other established crop plants such as spinach and sugar beet. Recognising the importance of this salt-tolerant crop plant, the quinoa genome has recently been sequenced [11] , paving the way to more detailed studies of the molecular mechanisms underlying salt tolerance and sequestration.
A new study by Bö hm et al. [12] reported in this issue of Current Biology provides a comprehensive functional study of the key transporters underlying accumulation of Na + and Cl À in quinoa EBCs. In the absence of mutants or genetic modification the study employed a combination of expression analysis along with localization and electrophysiological characterization in Xenopus and Arabidopsis heterologous systems. The work provides a holistic picture of the molecular mechanisms underlying one-way transport of Na + and Cl À from the roots to the EBCs.
The study first compared the salt responsiveness of transcriptomes from intact leaves with those where EBCs were removed by brushing. First they report low expression of photosystem II components in EBCs and relatively few chloroplasts, which also lack grana. They speculate that EBC transport processes may be fuelled by ATP from cyclic electron transport and mitochondria. This is further supported by the relatively high expression in EBCs of sugar transporters and genes involved in fatty acid B-oxidation.
Their analyses also reveal a number of membrane transporters that show differential expression. Transcripts of the plasma membrane Na + efflux transporter SOS1 were high in leaf cells but low in bladder cells, whereas the Na + /K + antiporter CqHKT1.2 that normally drives Na + influx was constitutively highly expressed in EBCs, irrespective of salt treatment, consistent with a role in Na + uptake into the EBCs. This contrasted with the high expression in root tissue of CqHKT1.1. Certain vacuolar membrane transporters were also highly constitutively expressed in EBCs, including ClC-like Cl À /H + antiporters, the H + -coupled Na + transporter NHX1 and two vacuolar H + pumps. The authors conclude that the EBC is hard-wired to deliver Na + and Cl À to the vacuole.
The study then examined further the functional roles of HKT and ClC-like Na + and Cl À transporters. When a CqHKT:mOrange fluorescent construct was expressed in Arabidopsis protoplasts the fusion protein exhibited plasma membrane localization. When expressed in Xenopus oocytes Cq1HKT and CqHKT1.2 were shown to be Na + -selective channels. Their different electrophysiological properties revealed that CqHKT1.2 behaves as an inwardlyrectifying Na + influx channel in EBCs whereas CqHKT1.1 most likely mediates Na + influx in root cells. Characterization of the CqClC-c transporter in vacuoles from Simplified scheme of the roles of key identified transporters responsible for delivery of Na + (blue arrows) and Cl À (green arrows) to the EBCs. Leaf epidermal cells move Na + and Cl À arriving from the roots and shoot via the stalk cell to the epidermal bladder cell (EBC) where accumulation is brought about by co-ordinated action of cation, anion and solute transporters.
Arabidopsis protoplasts revealed a strong Cl À selectivity and characteristics of a Cl À /H + antiporter driven by the vacuolar proton motive force. Accumulation of NaCl in the very large vacuoles of EBCs to values as high as 1M requires osmotic balance with the cytoplasm. Two genes of the high affinity plasma membrane high affinity K + transporter of the HAK/KUP/KT family [13] showed increased expression in EBCs. Heterologous expression in Arabidopsis protoplasts showed an expected plasma membrane localisation and electrophysiological characterization of CqHAK in oocytes showed H + gradientdependent activation, supporting a role for CqHAK in increasing cytosolic K + . Proline has also been shown to be a major organic osmolyte as well as providing protection against the toxic effects of high Na + [14] . EBCs showed high expression of a ProT-type proline transporter indicating a role in uptake of proline from surrounding leaf cells. This observation correlates with evidence for increased expression of proline synthesis-related genes in leaves (but not EBCs) in response to salt stress treatments.
The study by Bö hm et al. represents a comprehensive approach to the problem of how membrane transporters can be organised to attain sustained one-way transport against considerable ionic gradients (Figure 1 ). The constitutive expression patterns observed also strongly suggest that the transporter activity is tightly regulated and coordinated both within the EBCs and with their neighbouring cells. In support of this is the finding that the sensor-kinase CIPK23-CBL1, in contrast to the transporters and channels, is differentially expressed in response to salt treatment and is required to activate CqHAK. An important question arising from this study concerns the nature of Cl À transport across the plasma membrane. Bö hm et al. speculate that a member of the NPF transporter superfamily may have a key role. It will now be important to begin to understand the wider regulatory mechanisms that give rise to the required co-ordinated responses to variations in salinity. To fully understand how Na + and Cl À are eventually dumped in the EBC vacuole, and to realise the potential of findings such as these for better crop production more generally, co-ordination and regulation of transport in roots, shoots and leaves also needs to be better understood. Bö hm et al. provide a holistic study of transport to the EBC, an important step in determining the mechanisms underlying co-ordination at the whole plant level.
